White mold, caused by the fungus Sclerotinia sclerotiorum, is considered the second most destructive disease affecting soybean crops. The pathogen is controlled by integrating different methods, including genetic resistance. However, genotype selection techniques often lack the desired efficiency. As such, the aim of this study was to use sensitivity to oxalic acid as a selection method for white mold-resistant soybean genotypes and compare the results against soybean S. sclerotiorum infection in two agroecosystems, namely Barreiras (Bahia state -BA) and Jataí (Goiás state -GO). Eleven genotypes were planted and evaluated in the Barreiras region and 10 in Jataí, three of which were common to both areas. Assessments in the field involved analyzing white mold incidence, growth cycle and yield. For the oxalic acid-based selection method, the soybean genotypes were exposed to a 20 mM oxalic acid solution and wilting was assessed. In oxalic acid sensitivity testing, both the resistant and susceptible genotypes mirrored the resistance expressed under field conditions. Thus, oxalic acid sensitivity testing was considered suitable for use in breeding programs aimed at selecting white mold-resistant genotypes.
Introduction
Soybean (Glycine max (L.) Merr.) is an economically important oilseed and one of the most widely grown crops in the world. Its yield is subject to a number of losses due to phytosanitary problems, such as weeds, pests and disease (Roy et al., 2000) . Disease is one of the main causes of reduced yields, with damage affecting more than 60% of crops in some soybean producing regions (Cunha et al., 2010; Wrather et al., 2010) . White mold, or Sclerotinia stem rot, is a major soybean disease caused by the necrotrophic fungus Sclerotinia sclerotiorum (Bolton et al., 2006) .
Studies of these interactions show that S. sclerotiorum secret enzymes as endopolygalacturonase (endo-PG) that degrade the cell wall of the host, and oxalic acid as phytotoxins which are directly linked to pathogenicity/aggressiveness (Zhao et al., 2015) . Oxalate has been reported as a major aggressive factor during S. sclerotiorum infection (Donaldson et al., 2001; Kim et al., 2008) since, in addition to degrading the cell wall via acidification and promoting rupture (Dutton & Evans, 1996) , it can sup-press plant resistance mechanisms (Huang et al., 2008) .
The use of fungicides and resistant varieties has been the main control measures for this phytopathogen (Wrather et al., 2010) from both an economic and ecological perspective. Several studies have been conducted to determine resistance to white mold; however, inoculation techniques and selection methods under controlled conditions have proved inconsistent in predicting the reaction of cultivars in the field (Kim et al., 1999; Kim & Diers, 2000; Hoffman et al., 2002; Juliatti et al., 2013) . This is largely due to unstable expression resulting from different combinations of genotype, host and environmental variations, as well as cryptic pathogen variability within the S. sclerotiorum population (Kurle et al., 2001; Hoffman et al., 2002; Dunn et al., 2017) .
Selection methods based on the physiological resistance of plants to white mold stand out for their importance and simplicity, such as the reaction of soybean genotypes to oxalic acid content (Zhao et al., 2015) . Advantages of this technique include assessing a wide range of genotypes over a short time period, not needing to handle the pathogen and preventing errors resulting from the genetic variability of the fungus, as well as avoiding the effect of environmental variations when evaluating the genotypes under field conditions. The efficacy of this method was demonstrated by Kolkman and Kelly (2000) , who found it was capable of selecting S. sclerotiorum-resistant genotypes in the common bean and, in sunflowers, Vasic et al. (2002) correlate tolerance to oxalic acid, in vitro, with resistance / susceptibility to Sclerotinia in field grown plants. For Sclerotium rolfsii var. delphinii and Hosta sp. plants, Xu et al. (2009) developed a rapid selection method to evaluate petiole rot-resistant host plants using oxalic acid as a screening technique under controlled conditions.
Given the global importance of soybean cultivation and concern about compromised production caused by increasing yield losses, the assessment of soybean resistance to white mold, with methods that produce consistent reactions and are correlated with field results, is a vital component of genotype selection. Thus, the aim of the present study was to evaluate soybean resistance to white mold using oxalic acid and compare the results with findings under field conditions in different agroecosystems.
Material and methods
Field experiments were carried out in the 2012/2013 growing season in areas naturally infected by Sclerotinia sclerotiorum in the municipalities of Barreiras (Bahia state -BA) and Jataí (Goiás state -GO), totaling two experiments. Planting in both regions used a conventional system, with four rows in each experimental plot and no chemical sprays to control white mold. Population density varied from 10 to 18 plants per linear meter, according to recommendations for the region provided by the plant breeding company.
In the municipality of Barreiras, 11 soybean genotypes were evaluated, 8 commercial cultivars and 3 breeding lines in the second year of value for cultivation and use (VCU) testing. In Jataí, 10 soybean genotypes were studied, 7 commercial cultivars and 3 breeding lines in the second year of value for cultivation and use (VCU) testing. Three of the commercial cultivars tested were common to both sites.
A randomized block design was used with three repetitions and 11 treatments for the Barreiras region, and 10 treatments for Jataí. The experimental plots consisted of four 6-meter long rows spaced 0.5 m, with the study area of each plot consisting of the two central rows, disregarding 0.5 m at either end.
Disease incidence was evaluated 90 days after planting (DAP), when plants were in reproductive stages R4 to R6 (Fehr et al., 1971) . The assessment was conducted in the two central rows of the plots using a 9-point grading system, where 1 = 0% of plants infected; 2 = 1 to 10%; 3 = 11 to 20%; 4 = 21 to 35%; 5 = 36 to 50%; 6 = 51 to 65%; 7 = 66 to 75%; 8 = 76 to 85%; and 9 = ˃ 85% of plants infected. The yield was obtained by harvesting the two center rows of each plot. Yield was calculated in kg ha -1 and bean moisture content determined using a Gehaka G600i portable moisture meter. The cycle of each genotype was quantified as the number of days between planting and physiological maturity, that is, phonological stage R7.
The data collected were submitted to analysis of variance and the means were compared by cluster analysis using the Scott-Knott test (P<0.05) and Sisvar 5.3 software (Ferreira, 2010) .
Sensitivity of soybean genotypes to oxalic acid
In order to determine the oxalic acid content used as quantification standard for sensitivity testing, seven soybean genotypes previously assessed in the field were used (Figure 1 ). Seeds from these genotypes were separated onto plastic trays containing sixty 5 x 5 cm wells filled with Plantmax® substrate and kept in a greenhouse. Plants at phenological stage V2, corresponding to approximately 20 DAP, were cut at the base of the stem and used in the experiments (Kolkman & Kelly, 2000) . The stalks were introduced into a perforated Styrofoam sheet so that they were fully encased in the polystyrene foam, leaving only the lower section of each stalk protruding. The sheet was placed over a plastic tray (44 cm x 70 cm x 15 cm) containing 5 liters of oxalic acid at concentrations of 10 mM, 20 mM or 40 mM, with pH adjusted to 4.0 using NaOH, immersing the exposed stalks.
The experiment used a completely randomized design with 10 repetitions and each plot was represented by one plant. The negative control was a beaker containing 1 liter of distilled water with pH 4.0, adjusted using HCl, and no oxalic acid. The experiment was performed in the late afternoon to minimize the effect of transpiration and prevent premature wilting. After 18 hours of immersion, the genotypes were assessed for their reaction to oxalic acid using the descriptive scale of disease incidence scores proposed by Kolkman and Kelly (2000) , whereby 1 = no visible symptoms; 2 = one leaf with wilting symptoms; 3 = two leaves with wilting symptoms; 4 = three leaves with wilting symptoms; 5 = collapse of petioles and 6 = collapse of the main stem.
Next, all 18 genotypes, previously assessed in the field (Barreiras and Jataí), were analyzed using a 20 mM oxalic acid solution with twenty repetitions and each plot represented by one plant in a completely randomized design.
The data were submitted to clustering analysis and resistance indices (RI) were grouped using the Scott-Knot test (P<0.05) and Sisvar 5.3 software (Ferreira, 2010) .
Results
In the assessments of white mold incidence, genotypes in Barreiras were divided into four groups based on the level of disease resistance, according to the Scott-Knott test (P<0.05). Accessions P98Y12, NA7337RR and P98Y30 made up group 1 and showed resistant (R), with scores ranging from 1.30 to 1.90. This group consisted of 3 genotypes, all commercial cultivars. Group 2 contained the genotype P98Y51, exhibiting intermediate resistance (MR) and an incidence score of 3.6. Groups 3 and 4 showed moderately susceptible (MS) to susceptible (S) responses, with scores ranging between 5.0 and 8.0 and consisted of 7 genotypes, 4 commercial cultivars and 3 breeding lines (Table 1) . Cultivars P98Y12, NA7337RR and P98Y30 exhibited the lowest disease incidence rates and their growth cycles were considered super early, medium and late for the region, respectively. Given its late cycle, which favors development of the disease, P98Y30 deserves special attention since it was found to be white mold resistant. These same varieties, which showed high resistance, achieved greater yields than the average for the region (3,000 kg ha -1 ) (CONAB, 2015), but lower yields when compared to some genotypes that displayed moderate white mold incidence rates, such as P98Y51, P98Y70 and L2010017. For P98Y51, which displayed moderate resistance to white mold and was considered a late-cycling cultivar, yield differed from the remaining highly resistant genotypes (Table 1) . In field testing in Jataí, two groups of cultivars were analyzed based on disease incidence rates, considering the 10 genotypes tested ( Table 2 ). The first group was more resistant (R), with incidence rates ranging from 1.3 to 3.3, and consisted of 5 genotypes, namely 2 breeding lines and 3 commercial cultivars. Group 2 contained 5 genotypes (4 commercial cultivars and 1 breeding line) and was considered susceptible, with incidence varying between 5.6 and 7.3. Genotypes 2010L011, NA7337RR, ANATA82, 2010L012 and POTENCIA showed lower disease incidence rates when compared to the remaining genotypes. In these varieties, considered R, yield was higher than the average for the region (around 3,120 kg ha -1 ) (CONAB, 2015) , but results differed when compared to genotypes susceptible to white mold (Table 2) . Resistance reaction to white mold assessed in the field and to oxalic acid, where R=resistant; MR=moderately resistant; MS=moderately susceptible, S= susceptible and nd=not determined. Means followed by the same letter in the column do not differ according to the Scott-Knott test (P<0.05).
Among the genotypes assessed in the two regions, cultivar NA7337RR exhibited greater resistance and was classified as early cycling for Barreiras, which may have helped it escape infection; however, in Jataí, the same cultivar displayed a late growth cycle and resistant (R) to S. scletoriorum.
In relation to the sensitivity of soybean genotypes to oxalic acid, after 18 hours of exposure to different concentrations of oxalic acid, all the genotypes studied showed symptoms of wilting at all the concentrations tested, except M9144RR, which exhibited no symptoms at 10 mM. Wilting increased with a rise in oxalate concentration (Figure 1) . In sensitivity testing at different oxalate concentrations, the wilting indices assessed showed greater variation at 20 mM, with a difference of 1.57 between the highest and lowest index. At this concen-tration, the most and least susceptible genotypes displayed resistance and susceptibility reactions consistent with those observed in the field. Wilting index ranges were lower at 10 mM and 40 mM, with a difference of 0.82 and 1.07 between the highest and lowest indices, respectively. As such, a concentration of 20 mM was selected for the subsequent experiment with 18 genotypes.
Oxalic acid sensitivity testing (20 mM), conducted for all the genotypes assessed in the field, revealed a significant difference between soybean accessions. The genotypes considered most resistant were cultivars POTÊNCIA, P98Y30 and P98Y12 and breeding line 2010L011, with average scores of 1.85, 2.16, 2.35 and 2.10, respectively (Table 1) , while the most sensitive were cultivars P98Y51 and M7639RR, with a mean score of 3.9, and M7908RR and 2010L021, exhibiting means of 3.56 and 3.47, respectively.
Discussion
The results of disease assessments in the field indicate that, in addition to precocity (Yang et al., 1999) , other traits that confer resistance to white mold interfere in low disease incidence rates, particularly in cultivars from different physiological maturity groups. Environmental conditions are known to affect host physiology. Genotypes from different maturity groups can express different degrees of susceptibility in distinct agroecosystems, especially when climactic conditions favor the development of white mold (Vidic et al., 2013) .
In both this and other field studies (Yang et al., 1999; Hoffman et al., 2002) , soybean genotypes exhibited moderate disease resistance combined with high yields. This may be due to the adaptability of the variety to the region and the effect of the expression of genes with quantitative traits on the host plant, which are responsible for modulating the complex resistance of soybean to white mold (Vuong, et al., 2008; Zhao et al., 2015) . Genetic evidence of physiological white mold resistance and prevention mechanisms was found by Kim & Diers (2000) when mapping three QTL genes. Two loci are related to prevention mechanisms and primarily associated with flowering time, plant height and/or lodging index. The third locus is likely responsible for the partial physiological resistance of the plant. Recent studies show that at least four different genomic regions are involved in the resistance response to white mold (Zhao et al., 2015) .
Studies by Kim et al. (2008) show that oxalic acid is an important toxin in pathogenicity, used mainly by necrotrophic pathogens in interaction with their hosts. These same authors observed that fungal mutants of S. sclerotiorum with deficient oxalic acid production were not pathogenic.
However, genotypes that express moderately susceptible to susceptible responses to white mold and a degree of tolerance to Sclerotinia sclerotiorum in the field are undesirable because they do not prevent crop losses and may require more inoculum in the planting area, which prompts a rise in production costs and the application of chemical products.
In terms of resistance indices to oxalic acid, the oxalate concentration that best differentiated the genotypes was 20 mM, as observed in research conducted with the common bean (Gonçalves & Santos, 2010) . Both the genotypes most resistant to oxalic acid (POTÊNCIA, 2010L011, P98Y30 and P98Y12) and those with higher means, that is, most sensitive to oxalic acid (P98Y51, M7639RR, M7908RR and 2010L021), expressed reactions consistent with resistance evaluated in the field. As such, in addition to the advantage of not using the etiological agent and therefore eliminating pathogen aggressiveness variability (Kull et al., 2004) , this method is also not associated with the climactic effects that interfere in disease incidence and progression (Souza et al., 2014) . Thus, these results confirm the potential for oxalic acid use in plant breeding programs, initially as a mass selection method to identify white mold-resistance genotypes.
Conclusions
The oxalic acid method was promising in the selection of soybean genotypes resistant to white mold.
Field assessment in different agroecosystems stood out as an essential method to corroborate expressions of white mold resistance to oxalic acid.
